The formation and migration of defects relevant to the Li ionic conduction in Li 3 N have been investigated using first-principles calculations. For undoped Li 3 N, Frenkel reactions generating the Li vacancy and two types of Li interstitial are found to dominate the defect equilibria. In the layered structure of Li 3 N, the Li vacancy migrates selectively toward the intralayer direction, whereas the Li interstitial readily moves in both intralayer and interlayer directions. Despite the significant crystallographic anisotropy and the orientation dependence of dominant charge carriers, the resultant activation energy for the Li ionic conduction is nearly isotropic in the undoped system. The presence of H impurities yields Li vacancy-rich defect equilibria, leading to an anisotropic ionic conduction governed by the Li vacancy. These findings elucidate the variable anisotropy in the ionic conductivity of Li 3 N.
I. INTRODUCTION
Because of the demands for further downscaling and lightweighting of portable electronic devices and for wider applications of batteries, the development of highperformance electrolytes and electrodes has been a key issue in lithium-ion battery technologies. Lithium nitride ͑Li 3 N͒, a prototype of the fast solid-state ionic conductor, has motivated fundamental studies on its superb Li ionic conductivity [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] and the exploration of related novel ionic/ mixed conductors for electrolyte and electrode applications. [16] [17] [18] [19] The layered structure of Li 3 N leads to an anisotropic Li ionic conduction, where the intralayer conductivity is greater than the interlayer conductivity. Interestingly, the magnitude of the anisotropy depends on the type of specimen, 4, [6] [7] [8] which cannot be explained by a simple mechanism such as an orientation-dependent migration energy of a dominant charge carrier species. It was suggested that this behavior is related to hydrogen ͑H͒ impurities intentionally or unintentionally incorporated.
6,7 Wahl 6 reported that the anisotropy is small in undoped specimens, and it increases significantly with H doping. The microscopic mechanism behind the variable anisotropy, however, has not been established.
In previous works on the Li conduction/diffusion in Li 3 N, it was considered that the Li vacancy ͑V Li ͒ is the dominant charge carrier. The migration mechanism of V Li has been proposed by Sarnthein et al. 14 through first-principles molecular dynamics calculations. Wolf et al. 12, 13 has pointed out on the basis of molecular dynamics simulations using interatomic potentials that the Li interstitial ͑Li i ͒ also contributes to the Li ionic conduction/diffusion at high temperatures. However, the structure and migration mechanism of Li i have not been clarified at an atomistic level. The detailed understanding of the outstanding ionic conductivity of Li 3 N is important since it is expected to provide a useful guideline for the design and exploration of novel high-performance ionic conductors.
In the present study, we revisit the Li ionic conduction mechanism in Li 3 N using extensive first-principles calculations on the formation and migration of V Li and Li i , including the effect of the H impurity. It is found that Li 3 N has duplexcharge carriers: not only V Li but also Li i plays an essential role, depending on the crystallographic orientation and the presence and absence of H impurities. The variable anisotropic Li ionic conduction in Li 3 N can be understood from the formation and migration of the duplex carriers.
II. COMPUTATIONAL METHODS
The calculations were performed using density functional theory 20, 21 with the plane-wave projector augmented-wave ͑PAW͒ method 22 as implemented in the VASP code. [23] [24] [25] The exchange-correlation term was treated with the PerdewBurke-Ernzerhof functional 26 based on the generalized gradient approximation. PAW data sets having radial cutoffs of 1.1, 0.8, and 0.6 Å for Li, N, and H, respectively, and a plane-wave cutoff energy of 400 eV were employed. For defect calculations, supercells containing 300 atoms were constructed by the 5 ϫ 5 ϫ 3 expansion of the Li 3 N unit cell. k-point sampling was conducted only at the ⌫ point since the test calculations for major defects, i.e., V Li and Li i , using a 2 ϫ 2 ϫ 2 k-point mesh indicated the convergence of the formation energies within 0.01 eV. The ionic positions were relaxed until the residual forces became less than 0.01 eV/ Å, with the lattice constants fixed at the values optimized for the perfect crystal: a = 3.651 and c = 3.888 Å, which overestimate experimental values of a = 3.641 and c = 3.872 Å ͑Ref. 27͒ by 0.3% and 0.4%, respectively.
To discuss the energetics for the Li ionic conduction, defect formation and migration were separately studied. Concerning the former, the formation energies of native defects and H impurities in relevant charge states were evaluated as 28, 29 
where E tot def and E tot per denote the total energy of the supercell containing a defect in charge state q and that of the perfectcrystal supercell, respectively. ⌬n i is the difference in the number of constituent atom i between these supercells. i ͑i = Li, N, and H͒ denotes the atomic chemical potentials and E F is the Fermi level. The reference of E F for the defect supercells was aligned with that for the perfect crystal using the average electrostatic potentials at ionic positions farthest from the defect and that in the perfect crystal. [28] [29] [30] [31] The We consider this H-rich limit as an extreme case of H-doped Li 3 N. Assuming a dilute regime in which the interactions between defects can be neglected, the equilibrium concentration of defect j is estimated as 29, 32 
where N j denotes the number of sites for defect j. In the case of charged defects, for which formation energies depend on the Fermi level as given in Eq. ͑1͒, the equilibrium concentrations are determined via the charge neutrality condition. Fully ionic charge compensation can be reasonably assumed for Li 3 N exhibiting essentially pure ionic conductivity. 8 Therefore, the contributions of electrons and holes were neglected, and only fully charged defects were considered. The charge neutrality condition is then given as
Using Eqs. ͑1͒, ͑5͒, and ͑6͒, the equilibrium concentrations of relevant defects, as well as the Fermi level and the formation energies, were determined under given atomic chemical potentials and temperature. The energetically favorable migration paths of Li ions and their energy barriers were evaluated by dividing the paths connecting the configurations at the initial and final states into more than 15 hyperplanes. For each hyperplane, geometry optimization was performed with ionic relaxation restricted to the plane. This provides the lowest energy configuration within each hyperplane. The series of the relaxed ionic configurations and their energies constitute the trajectories and energy profiles of the Li ionic migration. The trajectories and energy profiles obtained in this way were confirmed to be smooth, as shown later in Sec. III C. Figure 1͑a͒ shows the unit cell of Li 3 N. The Li ions occupy the Li͑1͒ and Li͑2͒ sites in the Li and Li 2 N layers, respectively. Vacancies at these sites were considered, which are referred to as V Li͑1͒ and V Li͑2͒ . For Li i , we found two configurations by geometry optimization. The local relaxed geometries are depicted in Figs. 1͑b͒ and 1͑c͒. Both are characterized by dumbbells, which consist of one Li ion from the lattice site and the other from the interstitial site. The dumbbells are centered nearly at the Li͑1͒ and Li͑2͒ sites and oriented parallel to the a and c axes, respectively. These configurations are denoted as Li i͑1͒ and Li i͑2͒ .
III. RESULTS AND DISCUSSION

A. Defect species and equilibrium concentrations
The calculated equilibrium concentrations of native and H-related defects are shown in Fig. 2 for two extreme cases, i.e., undoped Li 3 N at the Li-rich limit and H-doped Li 3 N at the H-rich limit. The numbers of defect sites per unit cell, which were used for the evaluation of the concentrations, are one for V Li͑1͒ , Li i͑1͒ , V N , N i , H i , and H Li͑1͒ and two for V Li͑2͒ , Li i͑2͒ , and H Li͑2͒ . In the undoped case presented in Fig. 2͑a͒ , only three types of defect, i.e., V Li͑2͒ − , Li i͑1͒ + , and Li i͑2͒ + , appear in the given concentration range; the other defects, i.e., V Li͑1͒ − , V N 3+ , and N i 3− , exhibit lower concentrations. We found that the N-rich limit yields nearly identical concentration profiles with those for the Li-rich limit shown in Fig. 2͑a͒ . The defect concentrations are, thus, essentially independent of Li and N in undoped Li 3 N. This is due to the defect equilibria dominated by two types of intrinsic Frenkel reaction as explained below.
At low temperatures ͑ϳ300 K͒, the predominant defects are V Li͑2͒ − and Li i͑1͒ + . They have nearly the same concentrations, indicating the dominance of the Frenkel reaction generating these defects. As the temperature increases, the concentration of Li i͑2͒ + becomes closer to that of Li i͑1͒ + . Therefore, another Frenkel reaction generating V Li͑2͒ − and Li i͑2͒ + also takes place at high temperatures. The charge neutrality condition requires that the concentration of V Li͑2͒ − is approximately equal to the sum of the concentrations of Li i͑1͒ + and Li i͑2͒ + . To maintain this condition, the chemical potential dependence of the formation energy of each defect is compensated by the change in the Fermi level in Eq. ͑1͒. This corresponds to the fact that the intrinsic Frenkel reaction does not depend on the chemical potentials.
Moving on to H-doped Li 3 N shown in Fig. 2͑b͒ , the defect equilibrium is altered from the undoped case. Under this chemical potential condition corresponding to the H-rich limit, we found that H Li͑2͒ 0 exhibits the highest concentration among the H-related defects. Its equilibrium concentration reaches the maximum value of 4.4ϫ 10 22 cm −3 , for which all the Li͑2͒ site is occupied by H ͓not shown in Fig. 2͑b͔͒ . This may result from the extreme H-rich condition considered here. In addition, the concentration of H Li͑2͒ 0 may be overestimated because defect-defect interactions, which can be important for such high concentrations, are neglected in its evaluation using Eqs. ͑5͒ and ͑6͒. In the relaxed geometry of H Li͑2͒ 0 , H is located near one of the nearest-neighbor N ions with a N-H distance of 1.04 Å. The formation of this NH 2− -like configuration is consistent with a previous experimental report. 6 In terms of the Li ionic conduction, however, this defect is not directly relevant because its neutral charge state does not affect the concentrations of the charge carriers, i.e., charged Li defects; instead, H i + plays an important role. As shown in Fig. 2͑b͒ , the charge neutrality condition is met mostly by the equalization of the concentrations of H i + and V Li͑2͒ − . In contrast to the undoped case, Li i͑1͒ + and Li i͑2͒ + have one to two orders of magnitude smaller concentrations than V Li͑2͒ − .
B. Defect formation energies
To discuss the formation energy contribution to the activation energy for the Li ionic conduction, the formation energies of V Li − and Li i + were evaluated. The results are shown in Table I . In the undoped case, the formation energies were obtained at the Li-rich limit and T = 300 K, using Eq. ͑1͒ and the Fermi level determined via the charge neutrality condition given by Eq. ͑6͒. It is noted, however, that the values are almost independent of the Li and N chemical potentials, corresponding to the behavior of the equilibrium concentrations as mentioned in Sec. III A. In addition, the formation energies are essentially independent of temperature; the largest variation is only 0.01 eV in the temperature range from 300 to 700 K, which is typical for the ionic conductivity measurement for Li 3 N.
The formation energies of V Li͑2͒ − , Li i͑1͒ + , and Li i͑2͒ + are close to each other in the undoped case. This is expected from their similar concentrations shown in Fig. 2͑a͒ ; the difference in the number of defect sites by a factor of 2 exerts small influences. Meanwhile, the formation energy of V Li͑1͒ − ͑not shown in Table I͒ is 1.77 eV higher than that of V Li͑2͒ − . This is consistent with the results of previously reported firstprinciples calculations 14 and atomistic simulations.
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For H-doped Li 3 N, the formation energy contribution to the Li ionic conduction can be estimated by assuming likely extrinsic conditions, which are given as follows: ͑i͒ the H concentration is constant during conductivity measurements with varying temperature and ͑ii͒ V Li͑2͒ 
where ͓j͔ denotes the concentration of defect j, i.e., C j in Eq.
͑5͒. E 1 = 0.66 eV, E 2 = 0.78 eV, and E 3 = 0.83 eV were obtained using the calculated formation energies for constituent defects in these chemical equations. Note that the values of E 1 , E 2 , and E 3 are independent of the temperature. We assume ͓H Li͑2͒ 0 ͔ to be a constant since ͓H Li͑2͒ 0 ͔ ӷ ͓H i + ͔ holds for T Ͻ 700 K as mentioned in Sec. III A and hence the total H concentration, which is assumed to be a constant, is nearly equal to ͓H Li͑2͒ 0 ͔. The H dissociation reaction given by Eq. ͑7͒ was found to dominate over the Frenkel reactions given by Eqs. ͑8͒ and ͑9͒ when the H concentration is higher than ϳ1% at 300 K ͑ϳ10% at 700 K͒. In this extrinsic regime, the charge neutrality condition is approximately given as Table I , the resultant formation energy of V Li͑2͒ − is lower and those of Li i͑1͒ + and Li i͑2͒ + are higher than the corresponding undoped values. Thus, the incorporation of H impurities changes the defect equilibria and hence the formation energies of the native defects. As discussed later, this affects the activation energy for the Li ionic conduction in Li 3 N.
C. Migration paths and energies of Li ions
The migration paths and energies of V Li and Li i were determined for the intralayer and interlayer directions. Fig. 3 . The highest barrier height for the migration, i.e., the migration energy, was estimated to be only 0.01 eV. This value is close to those predicted in previous first-principles studies. 14, 15 In contrast to the intralayer migration, the migration of V Li͑2͒ − in the interlayer direction was found to occur via metastable configurations at the intermediate states. Among the migration paths obtained through extensive searches, two typical paths with low migration energies are presented in Fig. 4 . In these paths, V Li͑2͒ − migrates via similar transient dumbbell-like configurations at the Li͑1͒ sites but toward different Li͑2͒ sites. In the path indicated in Fig. 4͑a͒ migrates from one unit cell to another in path ͑b͒, yielding a lower migration energy ͑barrier height for the migration͒ than path ͑a͒ as shown in Fig. 4͑c͒ . This migration mechanism has been previously suggested by Sarnthein et al.
14 through firstprinciples calculations focused on the V Li migration. The present migration energy of 0.42 eV is 0.16 eV lower than the reported value. This may be due to the use of larger supercells in the present calculations, where more ions can relax. In the two studies, the following common important conclusions have been drawn: ͑i͒ the most favorable path for dumbbell, which is located on the right-hand side of the initial configuration ͑intralayer migration͒ or above ͑interlayer migration͒ in Fig. 5͑a͒ . For both Li i͑1͒ + and Li i͑2͒ + , the dumbbells in their lowest energy configurations are slightly off centered from the Li͑1͒ and Li͑2͒ sites, i.e., not mirror symmetric, but the energy differences from the symmetric configurations are marginal ͑ϳ0.01 eV͒, as shown in Fig. 5͑b͒ . In other words, the potential is nearly flat around the symmetric configurations. The highest energy barrier for the migration is located around the middle of the Li i͑1͒ + and Li i͑2͒ + configurations. It is noteworthy that the barrier height is only 0.08 eV and that this mechanism is common to the intralayer and interlayer migrations, indicating that Li i is mobile in both directions.
D. Activation energies for Li ionic conduction
The activation energies for the Li ionic conduction were evaluated as the sum of the formation and migration energies. The results are summarized in Table II for the intralayer conduction, whereas Li i͑1,2͒ + is much more favorable for the interlayer conduction and hence V Li͑2͒ − is expected to make a minor contribution. Notably, the orientation dependence of the lowest activation energy is very small despite the anisotropic layered structure and the different charge carriers between the intralayer and interlayer directions. It is also noted that the concentrations of the two types of charge carrier are nearly the same.
For H-doped Li 3 N, the activation energy of V Li͑2͒ − decreases from the undoped value owing to the decrease in its formation energy, while the formation energy of Li i͑1,2͒ + and hence its activation energy increases, as discussed in Sec. III B. V Li͑2͒ − with a higher concentration and a lower activation energy is expected to dominate the intralayer conduction. For the interlayer conduction, either V Li͑2͒ − with a higher concentration and a higher activation energy or Li i͑1,2͒ + with a lower concentration and a lower activation energy can be the major carrier, depending on the H concentration in the specimen and the conductivity measurement temperature. In both cases, particularly in the former, the anisotropy is obvious compared to the undoped system. The present results thus suggest that the anisotropic conduction and diffusion of Li ions in Li 3 N are induced by the H incorporation. For comparison, experimental activation energies for the Li ionic 2, 4 are also listed in Table II . The experimental results show a dispersion, but a tendency that the H-doped specimens exhibit a larger anisotropy is recognized. The calculated activation energies are close to the experimental values. More notably, they reproduce the variable anisotropic behavior associated with the H incorporation.
IV. CONCLUSIONS
The formation and migration of V Li and Li i in Li 3 N have been investigated using first-principles calculations, including the effect of the H impurity. Contrary to previous understanding, we found that Li i forms in two types of dumbbell structure with low formation energies and that Li i in these structures readily migrates and hence plays an essential role in the Li ionic conduction as well as V Li . Despite the anisotropic layered structure of Li 3 N, the Li ionic conduction is nearly isotropic in the undoped system. This behavior is attributed to the dominance of the Frenkel reactions generating V Li and Li i , which results in nearly equal formation energies of the two charge carriers, and to the low migration energies for V Li in the intralayer direction and for Li i in both directions. Under the presence of H impurities, an anisotropy in the ionic conduction arises from V Li -rich defect equilibria, which enhance and suppress the formation of V Li and Li i , respectively. Our results show that even such a prototypical ionic conductor as Li 3 N exhibits a unique conduction mechanism including the presence of duplex-charge carriers, their easy motions via metastable intermediate configurations, and the H-induced change in defect equilibrium, which leads to its anisotropic conductivity. Since similar mechanisms can hold for other materials, these insights would renew interest in pre-existing ionic conductors. They also provide a useful guideline for designing a new class of high-performance ionic conductors.
